Cassava (Manihot esculenta Cranzt) is an important food security crop for poor rural communities particularly in Africa. However, little is known about variability of critical root nutritional and quality traits of African cassava germplasm. Cassava roots contain low levels of important micronutrients and its quality can be influenced by the levels of cyanogenic glucosides. Roots from fourteen accessions comprising Kenyan local landraces and improved clones were screened for their nutritional traits including the contents of cyanogenic glycosides, protein and the micro nutrients iron and zinc. Trait stability and the effects of the environment on the expression of the nutritional traits were evaluated using various genotype (G) by environment (E) interaction study models. There were significant (p ≤ 0.05) differences for all the nutritional traits in the three test sites of Baringo, Kericho and Nakuru in Kenya. Contents of cyanogenic glycosides in both roots and leaves, total root proteins, root iron and zinc ranged from 31.8 ppm to 90.8 ppm; 20.8 ppm to 154.4 ppm; 1.15% to 3.47%; 17.81 ppm to 59.69 ppm and 39.39 ppm to 118 ppm, respectively. The sites were also significantly (p ≤ 0.05) different from each other with the highest cyanogenic content in leaves and roots expressed at the Nakuru site. Regression analysis was used to assess genotype response to environments. Regression coefficients (b i ) obtained ranged from 0.13 to 2.23 for all traits combined indicating wide variability in quality trait among the test germplasm. Analysis for sensitivity to environmental change   2 i SE revealed that cassava genotypes differed in their level of sensitivity. The root cyanide trait had the highest mean   2 i SE which indicated that it was the least stable quality trait in the cassava germplasm. This implies that the same cassava genotypes will give food of different quality depending on growing environment. The observed values for protein and mineral contents suggest the potential for improving the nutritive value of local cassava germplasm.
Introduction
Cassava (Manihot esculenta Cranzt) is a perennial crop native to tropical America [1, 2] . About 70 million people obtain more than 500 cal per day from the crop [3, 4] . The crop offers the advantage of a flexible harvesting time, allowing farmers to keep the roots in the ground until needed [5] . In addition, the crop produces reasonably well under growth limiting conditions. In Africa, it is recognized as a famine reserve crop due to its tolerance to drought or infertile soils, and its ability to recover from disease and pest attacks. The area of cassava under unfavorable environments has been continuously increasing [6] . The crops starchy root is widely used world wide, though the fresh foliage is also consumed in several regions of the world. A limiting characteristic for the human or animal consumption of cassava roots is their cyanogenic glycosides content [7] .
All cassava tissues, with the exception of seeds, contain the cyanogenic glycosides linamarin (>90% total cyanogens) and lotaustralin (<10% total cyanogens). Cyanogenesis is initiated in cassava when the plant tissue is damaged. Rupture of the vacuole releases linamarin, which is hydrolyzed by linamarase, a cell wall-associated β-glycosidase [8] . Because of the presence of cyanoglycosides, cassava is potentially toxic to human populations that subsist on cassava-based diets and low ingestion of protein. Considerable medical evidence exists to associate consumption of high cyanide cassava with toxic effects in humans [9] . Typical signs of acute cyanide poisoning include tachypnoea, headache, vertigo, lack of motor coordination, weak pulse, cardiac arrhythmias, vomiting, stupor, convulsions, and coma [10] [11] [12] . Tropical ataxic neuropathy, an upper motor neuron disease characterized by irreversible paraparesis [13] , was described in Nigeria in the 1930s, and dietary cassava was proposed to be the causative factor. When consumers associate ill health with cassava toxicity, the immediate reaction is to discard or substitute cassava with other food crops and this problem has lead to cassava being rejected in some areas. This is despite the fact that the cyanogens are removed by the traditional processing methods which include grating, fermenting, boiling and drying.
Cassava varieties vary widely in their cyanogenic glycoside content, although most varieties contain 15 -400 mg cyanide/kg fresh weight. Occasionally tubers of some varieties of cassava tubers contain 1300 -2000 mg cyanide/kg fresh weight, and cassava leaves may contain 1000 -2000 mg cyanogenic glycosides/kg on a dry matter basis [14] . The cyanide yielding capacity of cassava roots is not only dependent on the genetic character of the genotype grown, but also on several environmental and growth factors [15] . Consequently, movement of a genotype from one location to another could alter its cyanogenic potential because of differences in climate and soil characteristics [16, 17] . It was however noted that different genotypes of cassava do not react the same way with the changing environmental conditions with regard to cyanogenic glycosides [18] . This results in considerable variation of toxicity between the same varieties grown under different conditions. Despite this plasticity, characterization of cyanide yielding capacity of several genotypes in one experiment is useful to match genotypes to environment with respect to this important quality trait.
Like all food sources, cassava is also meant to provide vital nutrients to its consumers. Cassava however has the potential of being a dysfunctional food owing to its low nutrient content. Today, over three billion people are afflicted with micronutrient malnutrition and the numbers are increasing [19] [20] [21] . Nearly two-thirds of all deaths of children are associated with nutritional deficiencies that mainly arise from micronutrients deficiencies [22] . Marginal intakes of micronutrients have been shown to contribute to increased morbidity and mortality rates, diminished livelihoods, and adverse effects on learning ability, development, and growth in infants and children [21, 22] . Much of the observed stunted childhood growth has been attributed to the impact of micronutrient deficiencies from early foetal stages of development through the fourth year of life. By any measure, micronutrient malnutrition is currently of alarming proportions in many developing nations [19, 23] . Cassava roots are particularly low in protein and some micronutrients are valued only as a source of energy in human and animal diets [24, 25] . Since the roots are grossly deficient in proteins, fat, some minerals for example zinc and iron and vitamins [26] , continued consumption can lead to malnutrition.
Developing low cyanogen and micronutrient-enriched cassava, either through traditional plant breeding methods or via biotechnology, is a powerful intervention tool that can enhance the health status of many resource-poor consumers in Africa [27, 28] . Biofortifying cassava that feeds the world's poor can significantly improve the amount of these nutrients consumed by these target populations [29] . This is a sustainable intervention, unlike traditional interventions that are dependent on supplementation and fortification programmes [30, 31] .
Even as efforts are made to identify and develop healthy and nutritious biofortified cassava cultivars, the quality traits of such cultivars must be stable across environments. Local landraces of cassava have been cultivated widely in traditional cassava areas in Kenya. These landraces have however hardly been tested outside their traditional environments for biochemical quality traits. Similarly, they have not been compared for stability of their biochemical quality traits relative to newly introduced and improved accessions. The stability of cassava quality traits over a wide range of environments would be generally regarded desirable as the resulting products would be uniform in quality under different growing environments. Stability measures used to characterize genotype (G) by environment (E) interactions among cultivars at various stages of germplasm development employ different models that measure response to environmental changes and the consistence of that response (stability) [32] . The most widely used approach has been based on linear regression of cultivar traits on an environmental index (b i ) derived from the average performance of all cultivars in a site [33] [34] [35] [36] [37] . The conventional analysis of variance has also been widely used to detect G by E interactions [38] . The variance of a genotype across environments, which is also a measure of sensitivity to environmental changes ( ), has also been used as a stability measure [37] . 
SE
The objective of this study was to determine for the first time the relative performance, adaptation and stability of quality traits in selected cassava germplasm including some local land races and improved accessions which were introduced to the central Rift valley of Kenya for the first time. Table 2 ). The cassava germplasm were selected because of their high yields, disease resistance and popularity. The accessions were planted in a randomized complete block design (RCBD) with three replications. The plot sizes were 3 M × 4 M while the plant spacing was 1 M × 1 M giving twelve plants per plot. Cassava cuttings measuring 15 cm long from each variety were planted in five rows. No fertilizers or herbicides were applied during the course of the experiment. For Nakuru and Kericho sites, the trials were rain fed while at Baringo, the trial was under irrigation which was done twice in a week. Destructive sampling of the plants was done at 13th month after planting.
Cyanide levels were determined in leaves and roots using a modified picrate testing procedure [39] . The samples were rated for cyanide levels on a scale of 1 -9. The score structure ranged from scale of 1 -4 representing 0 -50 ppm, 5 -6 representing 50 -100 ppm and 7 -9 representing over 100 ppm. The cassava accessions were ranked as low, medium and high cyanide content respectively.
Crude protein content was determined on root samples using the method of Association of American Cereal Chemists [40] . The CF used was 6.25 specific for cassava plant sample. The whole process was replicated three times with a control consisting of all the reagents and conditions used except the experimental samples.
The two micronutrients, iron and zinc were determined as follows. Three plants per variety were harvested at tenth month after planting. Three cassava roots of different sizes were randomly selected per variety and labeled appropriately. The roots were then washed in tap water to remove soil and dirt, and air dried on a chuxlined surface. The roots were peeled with stainless steel knife and rinsed in distilled water and sliced thinly before drying.
All samples were dried in an air oven at 60˚C for about 72 hours, then cooled to ambient temperature, milled by means of a hammer mill and sieved through a mesh of 1 mm diameter. The milled samples were stored in airtight plastic containers until required for analysis. Sample of 0.3 grammes of finely ground and dried cassava root samples were weighed in a dry clean digestion tube. Then, 2.5 ml of the digestion mixture (7.2 g salicylic acid in 100 ml of the selenium-sulphuric acid mixture) was added and allowed to react at room temperature for at least 2 hours. The digestion tubes were heated to 200˚C in a block digester (Model 2040, Foss-Denmark), allowed to cool and 3 successive portions of 1 ml of hydrogen peroxide added, waiting at least 10 seconds between additions. The tubes were returned to the block digester and temperatures adjusted to 330˚C. The digestion was complete when the digest became colourless or light yellow. The tubes were removed from the block digester and cooled to room temperature then the contents transferred into a 50 ml volumetric flask and made up to the mark with deionised water.The digested samples were analyzed for trace metals (iron and zinc), using the Atomic Absorption Spectrophotometer, (Model AA-6300, TokyoJapan). The instrument was calibrated using standard solutions of iron (Fe in HNO 3 ; iron standard solution 10 ppm) and zinc (Zn in HNO 2 ; zinc standard solution 10 ppm) and measured by atomic absorption as they were absorbing radiations from element-specific hollow cathode lamps at a wavelength of 248.3 nm and 213.9 nm, respectively. The absorbencies obtained were used to calculate the concentrations of the metals in the different samples [41] .
Statistical Analysis
Analysis of Variance (ANOVA) for data for cyanide, protein, zinc and iron content was done using the SAS package. Means were separated using LSD [42] . Regression coefficients (b i ) and sensitivity to environmental change ( ) was computed to describe stability as described by Lin [32] . 
Results and Discussions
The analysis of variance (ANOVA) showed that genotypes (G) at the Baringo site were significantly different (p ≤ 0.05) in mean values for leaf and root cyanide, root protein and root zinc (Tables 3(a) and (b) ). Accession MM96/3868 recorded the highest concentration of cyanide in leaves (71.25 ppm) which was above the safe limit of 40 ppm while the local land race Mucericeri had the lowest concentration of cyanide (33 ppm) which is considered safe for human consumption without being processed. For cyanide in roots, cultivar Migyera had the highest concentration of cyanide (112.14 ppm) which is highly poisonous if consumed raw. Accession KME 1 had the lowest and safest levels of cyanide in roots at 40 ppm and therefore together with Mucericeri seemed to be the best overall at below 40 ppm at this site in both cyanide in leaves and roots. Protein values in roots at this site were above 2 percent only for the local land race Migyera and accessions SS4, MM96/7151 and MH95/0183 of which MH95/0183 had the highest level at 3.47 percent. There were no significant differences (p ≥ 0.05) in the levels of iron in the roots although all accessions had levels that were above 20 ppm. For zinc concentration, accession MH95/0183 had the highest level at 110.76 ppm while the local land race Serere had a low level of 39.39 ppm. It is notable that all the test germplasm in the three test sites gave higher or equal values for iron and zinc but not less than values observed by Chavez et al., [43] for cassava collections from Meso America and Dixon et al., [44] for collections from Nigeria.
At the Kericho site, significant differences (p ≤ 0.05) were observed in mean leaf and root cyanide as well as root iron and zinc contents as shown in Tables 3(a) and (b). The landraces Migyera and Serere recorded the highest leaf cyanide values (70.42 ppm) while Mucericeri and SS4 recorded the lowest (31.82 ppm). Root cyanide was highest in accession 990067 (96.67 ppm) which was way above the safe critical level of consumption of 40 ppm. The lowest level of root cyanide was recorded in accession MM96/4466 (21.67 ppm). For both cyanide quality traits, the other accessions were either above or below the critical level of consumption as shown in Table 3 (a). The local land race Mucericeri seemed to be the safest variety for consumption at this site for both leaves and roots as it had the lowest levels of cyanide content. Protein values in the roots at this site were not significantly (p ≥ 0.05) different from each other and were all below the 2 percent thresh hold value.
The iron concentration was highest in accession KME 61 (59.69 ppm) and lowest in accession SS4 (29.89 ppm). The zinc levels were high in KME 1 (93.07 ppm) and lowest in the local land race Migyera (64.56 ppm) although all the varieties at this site faired quite well as they were all above 64 ppm in zinc content. An important aspect in enhancing micronutrient levels in cassava roots is ensuring a good agronomic background of micro nutrient-enriched genotypes [44] .
There were also significant differences (p ≤ 0.05) among the germplasm at the Nakuru site in mean leaf and root cyanide and root zinc content Tables 3(a) and (b). Serere had the highest levels of cyanide in leaves (90.83 ppm). It is note worthy that the local land race Serere had in average the highest levels of cyanide in its leaves at the three sites ( Table 2) . Accession MH95/0183 had the highest root cyanide concentration (154.44 ppm) and therefore can be highly poisonous when consumed fresh. At this site, only Serere had cyanide root levels below the 40 ppm threshold (20 ppm) which is the safe level for human and animal consumption. Variations similar to those observed in this study in HCN for both leaves and roots have also been reported in a study of cassava cultivars used for consumption in the Sao Paulo state of Brazil [45] . Our study revealed no significant differences (p ≥ 0.05) among the varieties for root protein content at the Nakuru test site although all accessions recorded values that were over 2% with Mucericeri, MM96/4466, MM96/7151, MM96/4884 and 990067 all having three percent and above. These high levels of root protein content (≥3%) have also been reported in some land races and improved accessions of cassava by Chavez et al., [43] . There were no significant (p ≥ 0.05) differences among the test accessions for root iron content at the Nakuru site. Significant (p ≥ 0.05) differences were however observed for zinc in roots with KME 61 having highest concentration (118.10 ppm) and MM96/7151 the lowest (46.78 ppm).
The three test sites (S) expressed significant (p ≤ 0.05) differences and overall, the site means for leaf and root cyanide, root protein and root zinc contents were all higher at the Nakuru test site when compared to the other two sites whereas mean root iron content was higher in Kericho when compared to the other two sites Tables 3(a) and (b). The soils of Kericho test site are nitisols which are rich in iron. This seems to suggest that an environment suitable for the expression of high protein and zinc content may also elicit expression of high levels of leaf and root cyanide content. This calls for judicious selection of germplasm for such a site to ensure that positive quality traits are maintained and negative traits such as high cyanide levels are selected against. The local variety Serere could be recommended for this site.
Pooled data for the combined sites revealed that levels of cyanide concentration in leaves and roots were signifi cantly (p ≤ 0.05) different from each other ( Table 4) , although all the values were above the accepted critical level of 40 ppm. However, the local landrace Mucericeri seemed to have faired well for both the traits with the lowest average cyanide concentration in ppm. This therefore indicates that proper processing needs to be applied for all cassava cultivated in the Central Rift valley of Kenya before human consumption. In the roots, which is the most consumed part of cassava plant, accession 990072 had the highest levels of cyanide (94.23 ppm) while Mucericeri recorded the lowest (50.68 ppm) (Table 4). The significance of sites (S) by genotypes (G) effects demonstrates that genotypes responded differently to variations in environmental conditions. These variations could be attributed to different climatic and edaphic conditions at sites (S) ( Table 2 ). The significant (p ≤ 0.05) interacttion of sites and genotypes (S by G) indicated the necessity of testing cassava accessions at multiple locations over time for accurate characterization of genotype performance over divergent geographical regions.
Except for root iron content, the Nakuru site elicited the expression of high levels of cyanide, protein and zinc in the tested cassava accessions. Like the other test sites, this is a non cassava traditional growing site. Low root cyanogenic genotypes like Serere (20 ppm), Migyera (56.67 ppm), Mucericeri (75.56 ppm) and KME 1 (75.63 ppm) are recommended for this site. Choice of high cyanogenic content genotypes in Nakuru site could result in HCN poisoning of consumers and therefore processing is recommended before consumption. At the Kericho site, all the cultivars except 990067 (96.67 ppm) were relatively safe. At Baringo site, except for accessions Migyera (112.14) and 990067 (93.13 ppm), some were relative safe for consumption while on others, simple processing methods like soaking and boiling could be applied.
Farmers preferred cultivars faired well in root cyanide with Mucericeri having lowest level of 50.68 ppm as compared to improved accessions ( Table 4) . For root protein, farmers preferred cultivars SS4, Mucericeri and KME 1 had levels of over 2% although some improved accessions like MM96/7151, MH95/0183 and 990072 had also acceptable levels of over 2%. In root iron and zinc, there was acceptable performances for both farmer preferred and improved cultivars with KME 61 having highest levels for both quality traits at 32.71% and 75.56% for iron and zinc respectively.
The regression of mean accession trait values on environmental index resulted in significantly (p ≤ 0.05) heterogeneous regressions, with regression coefficients (b i ) ranging from 0.36 to 1.44 for leaf cyanide; 0.13 to 2.30 for root cyanide; 0.31 to 1.58 for root protein; 0.49 to 2.23 for root iron and 0.15 to 1.05 for root zinc ( Table 5) . The significant heterogeneity of regressions was also an indication of effective G by E interactions. Large variations in b i indicate large differences in genotype responses to different environments. Regression values above 1.0 describe genotypes with higher sensitivity to environmental change (below average stability) and greater specificity of adaptability to high trait value environments. Regression coefficients decreasing below 1.0 provide a measure of greater resistance to environmental change (above average stability), and therefore increasing specificity of adaptability to low trait value environments. Accessions MM96/3868 for root protein and SS4 and 990067 for root iron had larger b i values indicating greater sensitivity to environmental change. These accessions had relatively large quality trait values in environments that favored such large trait values but also expressed low trait values in low trait value environments when compared to the other genotypes. The inability of these genotypes to maintain their quality traits values under poor growing conditions may presumably be because of their lesser ability to tolerate stresses relative to others. All the other genotypes with low b i values indicated their resistances to environmental changes were more adapted to low trait value environments. For the negative traits of root and leaf cyanide contents, cultivars Mucericeri and KME 61 had large b i values, respectively. These accessions exhibited great trait sensitivity to environmental change and therefore were unstable with regard to expression of the cyanogenic glycosides. Accession 990067 had a regression coefficient of -2.2 for root cyanide content and cyanogenic glycosides decreased in this accession as the environmental index increased.
Accessions which had the smallest environmental variance ( ) were; accessions MM96/4466 for leaf cyanide, KME 61for root cyanide, MM96/3868 for root protein, SS4 for root iron and 990072 for root zinc (Table 5) . Additionally, the following accessions had the largest SE i 2 ; MM96/1871 for leaf cyanide, MH95/0183 for root cyanide, 990072 for root protein, KME 61 for root iron and Serere for root zinc. This is an indication that these genotypes are most sensitive to changes in the environment and therefore are unstable. The parametric approaches used in our study did not however seem to provide an overall picture of the individual genotype re-2 i SE sponses to the environment. Some genotypes exhibited stability for one type of measure and instability to the other. This is a problem that has been identified in G by E interaction studies [32] .
Correlation coefficients between cassava quality traits were not significantly (p ≥ 0.05) different ( Table 6 ). All the traits were positively correlated except for leaf cyanide versus root protein; root cyanide versus root zinc and root protein versus root iron. This may indicate that the biochemical quality traits are not linked and it is therefore possible to enhance one trait without adversely affecting the other.
Conclusions
There is great variation in the different cassava quality parameters studied which can be attributed to the different accessions and growing environments. The observed values for protein and mineral contents suggest the potential for improving the nutritive value of cassava in Kenya.
However, the variation observed in cyanide concentrations calls for rational choice of low cyanogenic cultivars for release in these non-cassava traditional areas. More caution is needed when handling cassava germplasm in Nakuru district because of the very high levels of hydrogen cyanide recorded in this site.
There are also ample compelling national human health and nutritional reasons to encourage plant breeders to pursue improving the micronutrient content of cassava crop as a primary objective in their work. Succeeding in doing this would dramatically contribute to improving the health, livelihood and felicity of numerous resourcepoor, micronutrient-deficient people in Kenya and would contribute greatly to sustaining national development efforts.
